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Phenomenon: Adaptation .
Solution

CAN'TBE YOUR FAULT

Compensate for

wind
\RIFYOU BLAME OTHERS

Change muscle
coordination, etc.

MAYBE IT'S JUST YOU

Error probably due to internal factors (the body)

*How do you identify the source of the error?*




Phenomenon, Cont’d

Large errors = attributed to world

Small errors = attributed to body

Wilke et. al, 2013

error?

'

<4Body World »




Question

How Is motor error attributed to V

the body and the world? —
(world) (body)

Objectives

* Model how sensory prediction errors are attributed to body
and world factors




Background Motivation

= Current models cannot predict source attribution from
sensory prediction error alone

= Conflicting experimental results for small and large
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Background, Cont’d

Estimating the sources of motor errors for adaptation

and generalization nature

neuroscience
Max Berniker'? & Konrad Kurdingl 2

Constant World/ ‘ Internal Model ‘ Arm
Body Factors Parameters Kinematics




Background, Cont’d

Estimating the sources of motor errors for adaptation

and generalization nature

neuroscience
Max Berniker'? & Konrad Kurdingl 2

Motor - Dynamic World/ ‘ Internal Model ‘ Arm
Errors Body Factors Parameters Kinematics




Project Overview

Error Attribution Model

Sensory World/Body ‘ Internal Model

Parameters

Prediction Factors

Error
Optimization 1

Task Error - Arm Kinematics

—

Optimal Body/
World Factors




Parameters & Variables
Inputs

Error Attribution Model

Error

(SPE,SPE) World/Body ‘ Internal Model

Factors Parameters

I Optimization 1

Task Error - Arm Kinematics

—)

Optimal Body/
World Factors




Parameters & Variables

Error Attribution Model

Sensory
e World/Body Internal Model
Z’:igl;ctwn Factors ‘ Parameters

I Optimization

Task Error - Arm Kinematics

Outputs

Optimal Body/

‘World Factors

[E, 1]




Parameters & Variables

Latent variables

Error Attribution Model

}S)iZ;?Zzon World/Body ‘ Internal Model
Error Factors (E, 1) Parameters (&)

I Optimization 1

Task Error - Arm Kinematics
(TEp) 6)

Optimal Body/
World Factors




Parameters & Variables

Error Attribution Model Adaptation Component
Created by Us: Modified: . Borrowed:

- - Internal Model State
f(SPE) — Error Attribution

[E,I] Parameter Updates Estimation

Berniker & Kording, 2008
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|
Inputs Internal Model | States [0]
SPE: Sensory Prediction Error Parameters [w] '+ Shoulder &
SPE': Rate of Sensory Prediction Error Body | Elbow Joint

|

= Arm Inertia | Angles

Outputs = Joint Damping | = Shoulder &

| .
I: Level of attribution to body (internal) World Elbow Joint
E: Level of attribution to world (external) = External Forces : SgULEr

on the Hand . Velocities |




Hypothesis

Hypothesis 1:

Small external small initial
perturbation SPE,SPE
Hypothesis 2:

Large external ~ EEp l?}?ﬂ‘? ?gf‘d
perturbation )

Small errors will change the
variance around the estimates
of body-centric internal model
parameters

Large errors will change the
variance around the estimates
of world-centric internal model
parameters




Simulated Experimental Paradigm
Center-out Reaching Task in Force Field

Assume humans use minimum jerk trajectory

= Simulate path with no adaptation using small
and large viscous force fields (F; n4n4)

= Extract SPE (y — 9) and SPE (y — $)to use in
regression for finding [E, I]

FJ.hand X ”vhand”




Toolkit

1. Regression
2. Global optimization

3. Kalman filtering




Toolkit: Model Fitting & Optimization

Estimation of Source Attribution Levels
target

1. Regression
I —_ |a15PE +a2|
E = |b,SPE]

2. Optimize: Find E & | that Minimize
Steady State Target Error, TE,

start

Step into adaptation model —



Toolkit: Kalman Filter
Adaptation: Internal Model Parameter Update

Step through trials
Set initial until steady state TEy
covariance matrix

At time — — K II)
step 1: 0 ‘Kalman gain Parameters
_ changes Update
[I, E] 1 ‘ Q‘I’_ ‘
0
— = At Steady States
State? Update

YES
TEg Step Out

To Optimizer —




Predictions

Prediction: Increased SPEs will be attributed to the world
and small SPEs will be attributed to the body

E . .
- = Source attribution

Increased E/I = world attribution

Decreased E/I = body attribution




Results: Optimization yields improved
learning parameters for large errors

Early Adaptation
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Results: Optimization yields poor
learning parameters for small errors

Early Adaptation
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Results: E and I values change in
expected directions

____

Initial
Large 017 .035 .480 161
Small .0005 .044 .010 210

1. Small errors will increase the variance around body-centric internal
model parameter estimates (relative to world-centric variance

2. Large errors will increase the variance around world-centric internal
model parameter estimates(relative to body-centric variance




Model Testing
Hypothesis Revisited

How is motor error attributed to the body
and the world?

1. Large SPEs are attributed to the world
2. Small SPEs are attributed to the body




Critical Model Evaluation

Strengths of our model:

« Conceptually simple
« Few additional parameters

* Interpretable
« Change in model parameters directly relate to changes in real
world parameters

« Makes predictions about how representation in an internal model
« Useful for model validation




Future Directions

= |mprove our model’s learning of small errors

= Optimize for more parameters (rate of SPE, rate of
task error)

* Validate model by comparing to experimental data
= Consider biological plausibility of out model




Summary & Conclusions

* The body may differentially attribute movement errors to
the body or world based on the magnitude of the SPE

= Large errors attributed to the world
= Small errors attributed to the body
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Equations

Parameter Updates: Dynamics

Parameter Dynamics:

Yrr1=al Pte

a 1s forgetting factor
e ~N(0,Qq9) —fictitious

Fictitious Observer:

[ ]

Jacobian = H




Equations

Prior Covariance; Observation Covariance:
Pri1)k= cOU(Wry1k) R, = cov(@y)
— ATPklkA + QG
Kalman Gain: Posterior Covariance:
Pr1kHT

Kier1= Ro+HPp q ) HT Rk"‘1|k‘|'1= (P_1+H’RH)_1

Update: SPE
(—A—\

paramy,1=paramy + K1 (y —Y)




Project Overview
Error Attribution Model

SPE,SPE —
From perturbed Goal: minimize target error
reaching task Guess attribution to each of

body & world factors,
estimate associated task error

) 2

Adaptation Model Component

Simulate adaptation to perturbed
reaching task until steady state &
output target error I

Level of error
attribution to body
(internal)

: : Level of error
Keep guessing until | & E that E  attribution to world

minimize error found (external) 9




